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Abstract
Mutations affecting the SLAM-associated protein (SAP) are responsible for the X-linked lympho-
proliferative syndrome (XLP), a severe primary immunodeficiency syndrome with disease
manifestations that include fatal mononucleosis, B cell lymphoma and dysgammaglobulinemia. It
is well accepted that insufficient help by SAP−/− CD4+ T cells, in particular during the germinal
center reaction, is a component of dysgammaglobulinemia in XLP patients and SAP−/− animals. It
is however not well understood whether in XLP patients and SAP−/− mice B cell functions are
affected, even though B cells themselves do not express SAP. Here we report that B cell intrinsic
responses to haptenated protein antigens are impaired in SAP−/− mice and in Rag−/− mice into
which B cells derived from SAP−/− mice together with wt CD4+ T cells had been transferred.
This impaired B cells functions are in part depending on the genetic background of the SAP−/−
mouse, which affects B cell homeostasis. Surprisingly, stimulation with an agonistic anti-CD40
causes strong in vivo and in vitro B cell responses in SAP−/− mice. Taken together, the data
demonstrate that genetic factors play an important role in the SAP-related B cell functions. The
finding that anti-CD40 can in part restore impaired B cell responses in SAP−/− mice, suggests
potentially novel therapeutic interventions in subsets of XLP patients.
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1. INTRODUCTION
X-linked lympho-proliferative disease (XLP) develops due to the lack of a functional
SLAM-Associated Protein (SAP) caused by mutations in the Sh2d1a gene [1-5]. Whilst
more than half of the patients develop EBV-induced fatal mononucleosis, other disease
manifestations are B cell lymphomas or severe dysgammaglobulinemia [6-9]. Whether the
different disease manifestations among male members of one XLP family are dependent
upon genetic modifiers or environmental components is not well understood [7]. Whereas it
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is assumed that EBV plays a role in the pathogenesis of B cell lymphomas in XLP patients,
the dysgammaglobulinemia can develop either in the presence or absence of EBV. Because
SAP−/− mice cannot be infected by EBV, they have become useful tools for dissect the role
of SAP in antibody responses. Similarly to humans, mice with SAP deficiency (SAP−/−) do
not develop adequate germinal centers in response to viral infection or immunization with T
cell-dependent antigens [9-15].

The single SH2-domain adapter SAP modulates signal transduction networks initiated by the
engagement of several of the SLAM-Family (SLAMF) cell surface receptors in T-, NK-, and
NKT cells [1,3-5]. The three-pronged interaction of SAP with specific Tyrosine –containing
motifs (ITSM) in the cytoplasmic tail of six of the nine members of this family of adhesion
molecules, i.e. SLAMF1, 3, 4, 5, 6 and 7, are understood in considerable detail [16-22].
SLAMF1, 3, 5, 6 and 7 are co-expressed on the surface of both T and B cells and these
adhesion molecules can partake in the immune synapse. Hence SAP is thought to modulate a
signal transduction network that in turn regulate T / B cell dependent immune responses
[1,3].

As T cell-dependent humoral immunity develops as a result of precisely orchestrated serial
interactions of myeloid- and lymphoid cell populations, SLAMF receptors play a diverse
role in these processes [12-14,23]. Correct and sustained antibody responses are highly
dependent on T cell expression of SAP, which appears to be requisite for germinal center
development and humoral memory. Furthermore, the role of NKT cells in the germinal
center reaction is also directly and indirectly regulated by SAP [24-26].

Whether and how the absence of SAP in XLP patients or SAP-deficient mice affects B cell
intrinsic functions is not well understood, particularly because B cells themselves do not
express the adapter [27-29]. To address this question, we evaluated B cell responses in SAP
−/− B6 and SAP−/− BALB/c mice employing several immunizing or activating conditions.
Surprisingly, we found that SAP deficiency can modulate several B cell responses and that
this process is influenced by genetic and environmental factors.

2. Materials and methods
2.1 Mice

Wild-type (wt) C57BL/6 (B6) and BALB/c mice, as well as Rag−/− mice (in B6 and BALB/
c backgrounds) were obtained from the Jackson Laboratory. SAP−/− mice were described
previously and backcrossed to the B6 and BALB/c backgrounds for at least seven
generations [31]. Animal studies were approved by the Beth Israel Deaconess Medical
Center Institutional Animal Care and Use Committee.

2.2 Immunizations
Animals were immunized intraperitoneally (i.p.) with 50 μg NP-KLH (Biosearch
Technologies) in CFA (1:1), Alum (1:2) or without any adjuvant in PBS in 200 μl volume.

2.3 ELISA
For measuring antigen-specific antibodies: High binding plates (Costar) were coated
overnight at 4°C with [NP-BSA] (50 μg/ml; Biosearch Technologies Inc). HRPO-
conjugated sheep anti-mouse IgG (Amersham) or goat anti-mouse IgM antibody (Serotec)
was used for detection.

For measuring total antibodies: Biotinylated goat anti-mouse IgM, IgG1 or IgE antibodies
(Southern Biotech) were bound to streptavidin pre-coated plates (R&D systems) for
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capturing respective antibodies in serum- or supernatant samples, then HRPO-conjugated
goat anti-mouse IgM, IgG1 or IgE antibodies (Southern Biotech) were applied for detection.

2.4 Flow cytometry
Single cell suspensions of splenocytes were stained with the following antibodies and
reagents after blocking non-specific binding with anti-CD16/32 (93) and 15% rabbit-serum:
αCD11c (N418), αCD19 (1D3), αCD21 (eBio4E3), αCD23 (B3B4), αCD93 (AA4.1),
αCD138 (281-2), αB220 (RA3-6B2), αFas (Jo2), αT- and B cell activation antigen (GL-7),
αGR-1 (RB6-8C5), αF4/80 (BM8) antibodies were purchased from eBioscience, BD
Pharmingen or BioLegend. Data was acquired with LSRII cytometer (BD Pharmingen) and
analyzed using FlowJo software (Treestar). Dead cells were excluded by DAPI uptake.

2.5 Cell transfers
Naïve (CD62Lhi) CD4+ T cells and naïve (CD43-) B cells were isolated from the spleen by
negative selection using magnetic cell separation kits (Miltenyi), then mixtures of 3×106 T
cells and 8×106 B cells in 300μL PBS were injected i.v. into Rag−/− hosts. In other
experiments wt and SAP−/− B cells were loaded with CMRA and CFSE (Invitrogen) cell
trackers, respectively, according to the manufacturer's protocols. After mixing in 1:1 ratio,
the cells were rested in complete media at 37°C for 1h, washed, then 107 B cells were co-
injected i.v. to Rag−/− recipients.

2.6 In vitro B cell assays
Naïve B cells were isolated from the spleen by negative selection using a magnetic cell
separation kit (Miltenyi). Cells were stimulated in 48-well plates with agonistic anti-CD40
antibody (FGK4.5; the clone is a gift of Dr A. Rolink [32] and the IgG was purified by
BioXell) plus recombinant mouse IL-4 (BioLegend). Proliferating (tetraploid) and apoptotic
(subdiploid) cells were distinguished by propidium-iodide (Invitrogen) staining in hypotonic
solution. IgG1 and IgE antibody secretion was determined by ELISA.

3. RESULTS
3.1 SAP deficiency impairs T-dependent humoral responses in both BALB/c and B6 mice

Upon immunization with the T cell-dependent antigen NP-KLH [CFA as adjuvant], hapten
specific IgG and IgM levels in the serum of SAP−/− B6 or SAP−/− BALB/c mice was
dramatically lower than in wt B6 or BALB/c mice (Fig. 1A and B). The ability to form
germinal centers was also affected by the absence of SAP, regardless of the genetic
background of the mouse (Fig. 1C). Surprisingly, anti-NP IgG , but not anti-NP IgM,
responses were invariably higher in wt B6 mice than in wt BALB/c mice, (Fig. 1A-C). This
strain difference was reflected in a higher number of germinal center B cells in B6 compared
to BALB/c mice. When Alum was used as adjuvant, SAP−/− mice were again unable to
form germinal centers and sufficient NP-specific IgG antibodies (Fig. 1D, F), but generated
comparable levels of anti-NP IgM antibodies compared to their wt counterparts (Fig. 1E).
Here the strain differences were less pronounced.

Taken together, the data show that both in wt mice as well in SAP−/− mice, background
strain differences could affect NP-specific T cell-dependent B cell responses.

3.2 SAP deficiency affects B cell responsiveness and homeostasis in a genetic
background-dependent fashion

Next, we assessed whether the impaired humoral responses in SAP−/− mice were
exclusively caused by SAP deficiency of T cells or whether B cells contributed to the
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phenotype. To this end, wt CD4+ T cells together with SAP−/− or wt B cells were co-
transferred into either BALB/c or B6 Rag−/− mice. Twenty-four hours post-transfer the
recipient Rag−/− mice were immunized with NP-KLH in CFA (Fig. 2). Surprisingly, even
in the presence of SAP sufficient CD4+ T helper cells, the BALB/c recipients into which
SAP−/− B cells had been transferred had dramatically lower NP-specific antibody titers and
numbers of plasma cells than Rag−/− mice, which had received wt B cells (p<0.0001) (Fig.
2A-B). This “B cell effect” was also found on SAP−/− B6 mice, albeit to a slightly lesser
extent (p<0.05; Fig. 2A-B: right vs. left panels). Further analyses revealed, that the number
of splenic B cells was severely reduced in recipients of SAP−/− BALB/c B cells, but not in
recipients of SAP−/− B6 B cells (Fig. 2C). These latter results were in agreement with the
total IgM titers in the serum (Fig. 2D), suggesting a reduced ability of SAP−/− BALB/c B
cells to survive in the Rag−/− recipients.

To discern whether the rapid decline of SAP−/− BALB/c B cells in Rag−/− recipients was B
cell intrinsic or caused by interactions with the wt CD4+ T cells, we co-injected cell tracker
marked wt BALB/c and SAP−/− BALB/c B cells, loaded with CMRA orange and CFSE,
respectively, into Rag−/− mice. Whilst 90 minutes after the co-transfer of wt and mutant B
cells already significantly less SAP−/− B cells than wt B cells were recovered from the
spleen of the recipient mice this difference was more pronounced 60 hours after the co-
transfer (Fig. 3A and B).

The possibility that the outcomes of this experiment were influenced by the purification
procedure and/or the cell tracking dyes, was excluded because mutant and wt B cells were
equally viable after in vitro culturing of B cells for 6 hours, (Fig. 3C). This was consistent
with ex vivo analyses which showed that SAP−/− BALB/c mice have a normal splenic B
cell compartment (Fig. 3D and data not shown).

We conclude that upon co-transfer of SAP−/− BALB/c or SAP−/− B6 B cells with wt CD4+
T cells into Rag−/− mice B cell responses are impaired in their response to antigen in the
presence CFA. SAP−/− BALB/c, but not SAP−/− B6 B lymphocytes display an altered
homeostasis.

3.3 Altered in vitro and in vivo responses by SAP deficient B cells to agonistic anti-CD40
To further evaluate the concept that key functions of B cells derived from SAP−/− mice are
altered, purified wt and SAP−/− splenic B cells were stimulated in vitro with suboptimal
doses of agonistic anti-CD40 in the presence of recombinant mouse IL-4. Surprisingly,
SAP-deficient B cells produced more IgG1 and IgE antibodies in these in vitro experiments
(Fig. 4A). Concomitantly, SAP−/− B cell cultures contained higher percentages of CD138+
plasma cells than cultures of wt cells (Fig. 4B). Whereas varying the amounts of IL-4 in the
culture abated the responses, increasing the amount of anti-CD40 eliminated the difference
between SAP−/− and wt B cell-responsiveness (Fig. 4C). As shown in Fig. 4D, after 3 days
in culture with these stimuli, proliferation and activation induced cell death of wt and SAP−/
− B cells were identical.

Taken together, the data suggest that SAP−/− BALB/c B cells could be hyper responsive to
agonistic anti-CD40.

To evaluate how and whether SAP−/− B cells responded in vivo to anti-CD40, 100μg of the
purified agonistic anti-CD40 monoclonal antibody was injected into SAP−/− and wt mice
24hrs after administering NP-KLH. Thirteen days post-immunization antigen-specific IgM
and IgG levels in the serum of SAP−/− mice, which had received anti-CD40 were
dramatically higher than in control mice injected with PBS (Fig. 5A and B). Anti-NP IgM
and IgG serum levels in wt BALB/c mice were also affected by triggering CD40, and to a
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lesser extent in wt B6 mice (Fig. 5A,B). Most importantly, anti-CD40 caused an increase in
the number of germinal center B cells in SAP−/− B6 and SAP−/− BALB/c mice, whereas
the agonistic antibody did not affect GC B cell numbers in the wt strains (Fig. 5C).

Taken together, the outcomes of both in vitro and in vivo experiments demonstrate that
agonistic anti-CD40 re-activates part of the humoral immune responses that are impacted by
SAP-deficiency. This effect is more pronounced in SAP−/− BALB/c than in SAP−/− B6
mice, possibly reflecting the higher responses in B6 mice as compared to BALB/c mice.

4. DISCUSSION
The outcomes of previous studies indicated that while T-independent humoral responses are
unaffected by the absence of SAP [10-11], T-dependent antibody responses are profoundly
affected in SAP−/− mice [9-15]. For B cells to enter the germinal center reaction and to
subsequently differentiate into memory or long lived plasma cells, stimulation by sustained
conjugations with SAP+ T follicular helper (Tfh) cells is requisite [12]. Similarly, SAP+
NKT cells contribute to the last stages of the germinal center reaction [24]. The most
plausible explanations are that SAP-deficient Tfh and NKT cells are unable to efficiently
engage with B cells either because of an impaired “inside-out” signaling of several SLAM-
Family receptors [30]. The latter could for instance be caused by the recruitment of the
inhibitory tyrosine phosphatase SHP-1 by key SLAMF receptors, e.g. SLAMF6 [15], which
in turn affects TCR/CD3 signal transduction in the immune synapse [30]. Beyond defects in
T cell help, alterations in the B cell compartment could also be responsible for insufficient
humoral reactions of SAP−/− animals, as has been reported previously by our laboratory
[10].

In this study we provide evidence in support of the concept that the different XLP disease
manifestations among male members of one family with the same SAP mutation are caused
by both genetic modifiers and environmental factors. Through the use of SAP−/− B6 and
SAP−/− BALB/c mice we find that the severity of dysgammaglobulinemia is dependent
upon the genetic background of the mice. This in part reflects wt strain dependent
differences in antibody responses. Interestingly, at the endpoint of the co-transfer
experiments into Rag−/− recipients the number of SAP−/− B6 B cells is the identical to the
number of wt B cells. However, the production of anti-NP antibodies is considerably
reduced as compared to wt B cells. The same observation was made upon co-transferring
SAP−/− BALB/c B cells with wt CD4+ T cells. Studies by other investigators did not
indicate any difference in the responsiveness of SAP−/− B6 and wt B cells when co-
transferred with wt T cells into Rag−/− recipients [9,11]. This is likely to be caused by
differences in the nature of the antigen/pathogen or adjuvant. For instance, whereas
Slamf5−/− are impaired in their ability to form germinal centers in response to protein
antigens, antibody responses to acute LCMV and vaccinia virus infections are identical to
those in wt mice [13,15].

As signaling through CD40 is one of the most important factors of T cell-mediated co-
stimulation to B cells, we evaluated whether an agonistic anti-CD40 antibody could activate
SAP−/− B cells both in vitro and in vivo. SAP−/− BALB/c B cells behaved differently from
their wt counterparts, showing a hyper-active phenotype, that we did not detect in the B6
genetic background.

For IgM antibody responses to T-dependent antigens, the scenario is however more
complex. As our data demonstrate, primary IgM antibody secretion can be intact in SAP−/−
animals, depending on the applied adjuvant. Moreover, by the administration of an agonistic
anti-CD40 antibody, defective early IgG responses in SAP−/− mice can be partially rescued.
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Although anti-CD40 elicited a significant increase in the frequency of germinal centers in
SAP−/− mice, their numbers are still an order of magnitude lower than in wt animals. We
also need to take into consideration that the transition of B cells into GCB cells requires
sequential interactions with T cells, and therefore multiple anti-CD40 injections might be
necessary (at the right time) to fully recapitulate all CD40L triggered stimuli that wt Tfh
cells are capable of providing. Also, other Tfh cell-promoted co-stimulating factors -
including signaling through the SLAM-family receptors - that can further shape the
magnitude and the quality of late primary and secondary B cell responses, should be
supplemented.

In sum, the data suggest that like in XLP patients, in SAP−/− mice the type of infection and
the genetic background plays an important role in determining to what degree humoral
protection against pathogens will develop. In addition, SAP mutations can also facilitate the
development of a hyper active B cell phenotype in a genetic background dependent manner,
which might contribute to B cell tumor progression in a sub group of XLP patients.
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Highlights

Anti-CD40 in part re-activates humoral responses that are impacted by SAP deficiency

SAP deficiency affects B cell responsiveness in a genetic background-dependent manner

Environmental factors affect the severity of humoral deficiencies of SAP−/− mice
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Figure 1.
Anti-NP responses in SAP−/− and wt mice are in part determined by the genetic
background. SAP−/− or wt B6 and BALB/c mice were immunized with NP-KLH using
either CFA (A-C) or Alum (D-F) as adjuvant. Immune responses were followed by anti-NP
IgG (A and D) and anti-NP IgM (B and E) titers in the serum, as well as by flow cytometry
of the splenic GCB (B220+GL7+Fas+) cells (C and F).
Data are representative of either 2 or 3 independent experiments with 3 to 5 animals per
group.
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Figure 2.
Rag−/− hosts (BALB/c: left column or B6: right column) were adoptively transferred with
SAP−/− or wt B cells together with wt CD4+ T cells from donors with respective genetic
backgrounds, then immunized with NP-KLH in CFA 24 hours later.
(A) NP-specific serum IgG titers
(B) CD138+Dump- plasma cells in the spleen [Dump: CD11c, F4/80, Gr-1]
(C) Total splenic B cell numbers (B220+CD19+Dump-)
(D) Total serum IgM titers
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Data are representative of at least two independent experiments with 4-5 recipient animals
per group.
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Figure 3.
Rag−/− BALB/c hosts were transferred with a 1:1 mixture of wt and SAP−/− B cells loaded
with cell trackers CMRA and CFSE, respectively. B cells numbers of recipient spleens were
analyzed 90 minutes (A) or 60 hours (B) after cell transfers. Data is representative of two
independent experiments. A portion of the donor B cell mixture was in vitro cultured in
complete media at 37°C for 6 hours, then viability was tested by AnnexinV staining and
DAPI uptake (C). Flow cytometric analysis of splenic B cell populations in wt and SAP−/−
BALB/c mice (D); upper panel: gated on DAPI- lymphocytes, lower panel: gated on DAPI-
B220+CD93- lymphocytes. Data is representative of multiple independent staining
experiments of at least 2-3 animals per group in each time.
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Figure 4.
In vitro stimulations by anti-CD40 and IL-4 of SAP−/− BALB/c (white marks) and wt
(black marks) purified splenic B cells.
(A) Secreted IgG1 (left) and IgE (right) antibodies were measured by ELISA from the
supernatant of B cell cultures stimulated by 0.5μg/mL anti-CD40 plus 10ng/mL IL-4 for the
indicated time.
(B-C) Percentages of CD138+ plasma cells by flow cytometry (B) and secreted IgG1
antibodies by ELISA (C) were determined in 5 days cultures stimulated with:

- 0.5μg/mL anti-CD40 plus 10 or 40ng/mL IL-4 (left)
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- 0.5 or 10μg/mL anti-CD40 plus 10ng/mL IL-4 (right)

(D) Percentages of tetraploid (left) and subdiploid (right) cells after 3 days of stimulations
by 0.5μg/mL anti-CD40 plus 10ng/mL IL-4.
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Figure 5.
The indicated strains of wt and SAP−/− animals were i.p. immunized with NP-KLH on day
0, then i.v. injected with 100μg agonistic anti-CD40 antibody FGK4.5 (triangles) or PBS
(circles) 24 hours later. NP-specific serum IgM (A) and IgG (B) titers were determined at
day 5. The number of splenic B220+GL7+Fas+ GCB cells (C) were measured at day 13.
One experiment with 3-4 animals in each group.
* p<0.01, ** p<0.001, (ns) non-significant.
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